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RNA silencing is a generic term that refers to a group of homology-dependent mechanisms of gene inactivation regulated by small RNAs of 21 to 30 nucleotides (2, 5) . Usually, these small RNAs derive from the digestion of perfectly or partially paired RNA duplexes by RNase III-like nucleases called Dicer or Dicer-like (DCL) proteins, although alternative biosynthetic pathways have also been suggested (6) . One strand of the small RNA duplex is incorporated into a silencing effector complex, guiding it, by sequence complementarity, to degrade mRNA, inhibit mRNA translation, or interfere with transcription by chromatin rearrangements (53, 66, 81) .
The RNA silencing pathway mediated by small interfering RNAs (siRNAs), a kind of small RNAs, is active in the cytoplasm and plays an important antiviral role in plants, insects, nematodes, and perhaps other eukaryotes, since viral siRNAs are generated by the hierarchical action of DCL proteins on double-stranded RNA (dsRNA) replication intermediates, fold-back structures within viral mRNA, or dsRNA products derived from the copy of viral RNA by cellular RNA-dependent RNA polymerases (7, 18, 26, 47, 68) . Although Dicer processing might have a direct antiviral activity, RNA silencing appears to disturb virus infection mainly by the slicing activity of RNA-induced silencing complexes (RISC) programmed with viral siRNAs (49, 50) .
Viruses need to develop strategies to evade the RNA silencing-mediated defense barrier, and the production of silencing suppressors appears to be among the most successful (12, 39, 56, 61, 82, 86) . A large number of viral RNA silencing suppressors have been identified. They are extremely diverse in sequence, structure, and mechanism of action. Given the key role played by siRNAs and long dsRNAs in the silencing pathways, it has been proposed that sequestering these molecules could be a general strategy used by viral silencing suppressors (65) . Supporting this hypothesis, recent results have demonstrated that tombusvirus P19, closterovirus P21, and potyvirus HCPro bind siRNAs and prevent their loading into RISC (37, 38) , and some other silencing suppressors bind dsRNA without size constraints, which could interfere with Dicer activity (13, 18, 40, 45, 46) . However, other viral suppressors appear to block RNA silencing by a variety of quite different mechanisms (14, 52, 71, 85, 89) .
HCPro is the typical silencing suppressor of viruses of the family Potyviridae (3, 9, 33) . This family consists of five genera with monopartite plus-strand RNA genomes, namely, Potyvirus, Rymovirus, Macluravirus, Ipomovirus, and Tritimovirus, and the genus Bymovirus, which has a bipartite genome (41) . It was recently reported that the ipomovirus Cucumber vein yellowing virus (CVYV), which lacks HCPro (32) , has a duplicated P1 coding sequence, and the downstream P1 copy, P1b, is a second RNA silencing suppressor in the Potyviridae family (76) . In silico analysis suggested that both P1 copies, P1a and P1b, are serine proteinases (75) , and the enzymatic activity of P1a was verified experimentally (76) . In the present study, we demonstrate the protease activity of P1b, which, unlike a putative zinc finger and a conserved motif located in the N-terminal region of the protein, was not essential for RNA silencing suppression activity. We also show the ability of P1b to self-interact and to bind siRNAs and the functional relevance of these interactions.
RNA extraction and Northern blot analysis.
Samples of large and small RNAs were prepared from agroinfiltrated leaf tissue and subjected to Northern blot analysis as previously described (76) .
Purification of TAP-tagged P1b proteins. N. benthamiana leaves were infiltrated with A. tumefaciens carrying p35S-NTAP-P1b or with a mixture of two A. tumefaciens strains, one carrying a mutated p35S-NTAP-P1b derivative and the other carrying pBIN61:P19, which expresses the silencing suppressor P19 from Tomato bushy stunt virus (TBSV). Agroinfiltrated patches were harvested at 6 days postinfiltration (dpi), ground to a fine powder under liquid nitrogen, and stored at Ϫ80°C until use. This powder was incubated with extraction buffer consisting of 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM Mg(CH 3 COO) 2 , 4 mM CaCl 2 , 2 mM ␤-mercaptoethanol, 0.1% NP-40, 10 M leupeptin, 1 M pepstatin, 1 M aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 10 M E-64 (2 ml/mg) for 30 min at 4°C, and cell debris was removed by centrifugation at 18,000 ϫ g at 4°C for 10 min. The supernatant was diluted 10 times with extraction buffer lacking the protease inhibitors, filtered through a 0.45-m nitrocellulose membrane (Millipore), and loaded onto an Econo-column (BioRad) packed with 1 ml of calmodulin-Sepharose beads (Amersham). After being washed with 20 ml of a buffer containing 20 mM Tris-HCl, pH 7.5, and 150 mM NaCl, the bound proteins were eluted with washing buffer supplied with 2 mM EGTA. Tandem affinity purification (TAP) tag removal from the purified proteins was carried out with Tobacco etch virus (TEV) AcTEV protease (Invitrogen) according to the manufacturer's instructions.
Gel filtration-FPLC. Affinity-purified TAP-tagged P1b proteins, either intact or proteolytically processed by AcTEV protease, were analyzed by gel filtration, using a fast protein liquid chromatography system (FPLC) (Á KTA-Prime; Pharmacia) with a Hi-Load 16/60 Superdex-200 column (Pharmacia) at 4°C. Column equilibration and chromatography were performed at a flow rate of 0.5 ml/min in a buffer consisting of 20 mM Tris-HCl, pH 7.5, and 150 mM NaCl. Fractions were collected every 2.5 ml and subjected to Western blot analysis.
The column was calibrated with catalase (158 kDa), serum albumin (68 kDa), ovalbumin (50 kDa), and chymotrypsinogen A (21 kDa), using the same chromatography protocol.
Electrophoretic mobility shift assay (EMSA). Synthetic double-stranded siRNAs with 2-deoxynucleotide 3Ј overhangs (5Ј CUUACGCUGAGUACUUC GATT 3Ј and 5Ј UCGAAGUACUCAGCGUAAGTT 3Ј) (Sigma) were labeled with [␥-32 P]ATP by using T4 polynucleotide kinase (Promega). Crude protein extracts for binding reactions were prepared by homogenizing agroinfiltrated tissue powdered under liquid nitrogen in binding buffer (83 mM Tris-HCl, pH 7.5, 0.8 mM MgCl 2 , 66 mM KCl, 100 mM NaCl, 2 mM ␤-mercaptoethanol) (4 ml/mg) and were clarified by centrifugation at 18,000 ϫ g at 4°C for 15 min.
Labeled siRNAs (0.5 nM) were incubated for 30 min at room temperature with different amounts of either affinity chromatography-purified NTAP-P1b proteins or crude protein extracts from agroinfiltrated tissue in reaction mixtures (20 l) containing binding buffer and 16 U of RNase inhibitor (Takara). After incubation, protein-RNA complexes were resolved in 5% polyacrylamide-containing 0.5ϫ Tris-borate-EDTA gels. The gels were dried and exposed to X-raysensitive films. For supershift assays, various amounts of PAP complex were included in the binding mixtures.
RESULTS
P1b is a serine protease. Two serine protease domains have been identified in the P1 region of the ipomovirus CVYV, suggesting the existence of two P1 copies, named P1a and P1b (75) . CVYV P1a clustered with P1s from viruses of the genera Potyvirus and Rymovirus in a phylogenetic analysis (75) , and its proteolytic activity was demonstrated experimentally (76) . In contrast, CVYV P1b was more closely related to P1s from members of the genera Ipomovirus and Tritimovirus (75) . Amino acid alignment of P1b-like proteins from ipomoviruses and tritimoviruses showed a well-conserved C-terminal region, which corresponds to the serine protease domain, with the catalytic triad formed, in the case of CVYV P1b, by H 221 , D 229 , and S 264 (75) (Fig. 1) . In addition, this analysis also revealed the presence of two conserved motifs located upstream of the protease domain, namely, a putative zinc finger and an LXKA conserved motif (75) (Fig. 1) .
In order to verify the predicted protease activity of CVYV P1b, reporter constructs that coded for fusion products consisting of P1b, the first P3 residue, and a C-terminal TAP tag (p35S-P1b-CTAP) ( Fig. 2A) were expressed in planta by A. tumefaciens infiltration. For simplicity, in this work, we refer to each A. tumefaciens strain by the plasmid it carries. Western blot analysis specific for the TAP tag showed accumulation of a protein of ϳ22 kDa, the size of TAP, in N. benthamiana leaves infiltrated with wild-type p35S-P1b-CTAP, suggesting that P1b self-cleaves at its C end in P1b-CTAP (Fig. 2B, lane  5) . In order to verify whether the serine protease domain identified in silico was involved in the generation of the TAPrelated 22,000-molecular-weight (22K) product, we expressed mutated versions of P1b-CTAP in which either of two of the residues of the predicted catalytic triad, H 221 and S 264 , was replaced by alanine. The 22K protein was not detected in the TAP-specific Western blot analysis of leaves infiltrated with p35S-P1b-CTAP H221A or S264A, but a protein of ϳ58 kDa, the size expected for noncleaved P1b-CTAP, was shown to accumulate in these samples (Fig. 2B, lanes 3 and 4) . The most likely interpretation of this result is that P1b indeed cleaves itself in P1b-CTAP and that the H221A and S264A mutations abolish the P1b proteolytic activity. To investigate the possible relevance of other P1b regions for protease activity, mutations affecting the LXKA motif and the putative zinc finger, i.e., RK68,69AA and C89A mutations, respectively, were introduced into p35S-P1b-CTAP. Neither of these mutations affected accumulation of the 22K protein (Fig. 2B , lanes 1 and 2), suggesting that the mutated domains were not involved in P1b proteolysis. This finding and the previous demonstration of the proteinase activity of CVYV P1a (76) strongly suggest that free P1b could be produced in CVYV infection by proteolytic processing of the viral polyprotein. To verify this prediction, anti-P1b serum was produced and used in a Western blot analysis to detect P1b-related polypeptides in infected cucumber plants, the natural host of CVYV. In agreement with the agroinfiltration results, the anti-P1b serum revealed the accumulation of a protein of ϳ36 kDa, the size expected for free P1b, in CVYVinfected cucumber leaves, which was absent in healthy cucumber leaves (Fig. 2C , lanes 1 and 2). This protein had the same electrophoretic mobility as P1b expressed in N. benthamiana leaves by agroinfiltration (Fig. 2C, lanes 3 and 4) .
The putative zinc finger and the LXKA motif, but not protease activity, are essential for the RNA silencing suppression activity of CVYV P1b. A mutational approach was followed to determine protein domains involved in the RNA silencing suppression activity of CVYV P1b. Mutations were introduced into p35S-NTAP-P1b, which encodes an N-terminal TAPtagged P1b protein. Unlike CTAP tagging, which disturbs the silencing suppression activity of P1b, NTAP tagging, while facilitating protein detection and purification, has no appreciable effect on this activity (data not shown). The effects of the mutations were assessed in a dsRNA-triggered silencing assay (Fig. 3) . In N. benthamiana leaves agroinfiltrated with p35S: GFP (expressing GFP mRNA) and p35S:GF-IR (expressing an inverted repeat which generates GFP dsRNA), GF-IR directed a fast and strong silencing of GFP mRNA, and as a consequence, very weak green fluorescence was detected in infiltrated patches at 7 dpi (Fig. 3A) . Consistent with this fact, Northern blot and Western blot analyses showed very low accumulation levels of GFP mRNA and protein, respectively, in these agroinfiltrated leaves (Fig. 3B) . Coagroinfiltration with wild-type p35S-NTAP-P1b prevented the induction of silencing, and strong fluorescence and high accumulation levels of GFP and GFP mRNA were detected at 7 dpi in leaves agroinfiltrated with the three plasmids (Fig. 3) . Patches infiltrated with p35S:GFP, p35S:GF-IR, and either the C93A (affecting a nonconserved cysteine) or S264A (affecting the protease active center) mutant version of p35S-NTAP-P1b also showed high GFP expression levels, indicating that these mutations did not affect the silencing suppression activity of P1b (Fig. 3) . In contrast, mutations affecting the LXKA conserved motif (RK68,69AA) or the putative zinc finger (C89A, C103A, and C106A) abolished silencing suppression activity, and leaves infiltrated with p35S:GFP, p35S:GF-IR, and p35S-NTAP-P1b with any of these mutations expressed GFP at very low levels, similar to those of leaves infiltrated with p35S:GFP, p35S:GF-IR, and the empty vector pBin19 (Fig. 3) . dsRNAtriggered silencing of GFP expression was associated with an accumulation of specific siRNAs. In agreement with previous results (76) , silencing suppression by wild-type P1b or P1b C93A and S264A mutants caused only a slight decrease in GFP siRNA levels (Fig. 3B) . We observed some differences in the amounts of siRNAs accumulated in the presence of the different P1b mutants. However, these observations were not exactly reproduced in repetitions of the experiment, suggesting that other unknown factors might affect the siRNA levels, resulting in a certain degree of fluctuation in the analysis (data not shown). RNA silencing also affected the expression of the inactive P1b mutants, and TAP-specific Western blot analysis revealed less accumulation of these proteins than of wild-type P1b or the functional C93A and S264A mutants (Fig. 3B) . However, at 2 dpi, although the weak sense RNA-triggered silencing affecting p35S-NTAP-P1b expression was still not very effective and all mutant P1b proteins accumulated at similar levels to that of wild-type P1b, dsRNA-triggered silencing already disturbed GFP expression in the absence of P1b or in the presence of P1b with the RK68,69AA, C89A, C103A, or C106A mutation (see Fig. S1 in the supplemental material), further supporting the specific effect of these mutations in RNA silencing suppression activity.
P1b self-interacts in vivo. Previous structural studies of different RNA silencing suppressors revealed self interactions driving oligomeric conformations (13, 40, 54, 62, 79, 88) . In order to assess whether P1b can also interact with itself, we made use of the BiFC technique. BiFC reveals in vivo interactions between two proteins by reconstitution of a fluorescing complex from two defective fragments of a fluorescent protein, with each one fused to one of the binding proteins (31) . We used a simplification of the method involving just P1b fused to either of two fragments of YFP (NYFP and CYFP), which were transiently expressed by agroinfiltration in N. benthamiana leaves (Fig. 4) . In order to have uniformly high expression levels, agrobacteria expressing the TBSV P19 silencing suppressor were included in all infiltration mixtures. No fluorescence was detected in cells expressing each P1b fusion product (p35S-NYFP-P1b or p35S-CYFP-P1b) independently or in combination with the complementary YFP fragment fused to a naïve protein (Fig. 4 and data not shown) . In contrast, strong fluorescence was detected at 3 and 6 dpi under UV light in leaf patches coexpressing p35S-NYFP-P1b and p35S-CYFP-P1b (Fig. 4 and data not shown).
P1b mutants were also expressed as NYFP and CYFP fusion proteins and tested for interaction by BiFC. Mutations in the protease active center (S264A), the LXKA motif (RK68,69AA), and a nonconserved cysteine (C93A) did not affect the ability of P1b to self-interact, and fusion proteins with these mutations reconstituted fluorescent YFP with similar efficiencies to that of the wild-type proteins (Fig. 4) . However, patches expressing P1b proteins with mutations in the zinc finger motif (C89A, C103A, and C106A) displayed no fluorescence at 3 dpi (data not shown) and just a very weak signal at 6 dpi (Fig. 4) , suggesting that the predicted zinc finger plays an important role in P1b self interaction in vivo.
P1b forms homodimers in solution.
The self interaction of P1b revealed by the BiFC assays suggested that this protein could form oligomeric structures. To test this possibility, we partially purified NTAP-P1b expressed in N. benthamiana leaves by agroinfiltration, using affinity chromatography with calmodulin-Sepharose, and analyzed the purified protein by FPLC-gel filtration. TAP-specific Western blot analysis of the collected fractions showed that NTAP-P1b migrated as a single peak close to a molecular mass marker of 158 kDa, which is much larger than the molecular mass of monomeric NTAPP1b (58.4 kDa), suggesting that NTAP-P1b was present in an oligomeric form (Fig. 5A) . To rule out possible structural effects of the TAP tag, NTAP-P1b was trimmed by proteolytic processing with the AcTEV protease (60) . This treatment removes the protein A domain of the TAP tag (15.4 kDa), leaving just the calmodulin binding protein domain (CBP; 6.8 kDa) fused to P1b (NCBP-P1b; 43 kDa). This sample was also analyzed by FPLC-gel filtration. Western blot analysis with biotinylated calmodulin revealed that NCBP-P1b eluted as a single peak with an apparent molecular mass of ϳ100 kDa (Fig.  5A) , which is approximately double the predicted size for the NCBP-P1b monomer, further supporting the conclusion that P1b could acquire a homodimeric conformation.
NTAP-P1b mutants with defects in RNA silencing suppression activity were also analyzed by gel filtration-FPLC (Fig.   5B ). As expected, the NTAP-P1b RK68,69AA mutant, which was observed to self-interact in vivo in the BiFC assay, also appeared to homodimerize like the wild-type protein (Fig. 5B) . However, C103A and C106A mutations at the zinc finger motif appeared to have a drastic effect on P1b conformation, since NTAP-P1b with either of these mutations eluted in the first gel filtration-FPLC fractions, indicative of nonspecific aggregation (Fig. 5B) . These data are consistent with the results of the BiFC assay and suggest a structural role for the predicted zinc finger. The gel filtration elution profile of NTAP-P1b C89A, which resembled the other zinc finger mutants in the inability to self-interact efficiently in vivo in the BiFC assay, was usually similar to those of wild-type NTAP-P1b and the RK68,69AA mutant (Fig. 5B) , although some NTAP-P1b C89A nonspecific aggregation was also observed in some purification experiments (data not shown).
P1b is a siRNA binding protein. CVYV P1b closely resembled P1-HCPro of the potyvirus Plum pox virus (PPV) in different RNA silencing suppression assays, suggesting that both viral suppressors could target the same step(s) of the silencing pathway (76) . Although the mechanism that potyviral HCPro uses to interfere with RNA silencing has still not been unraveled completely, recent data suggest that the activity of HCPro, as well as that of tombusvirus P19 and other silencing suppressors, involves direct sequestering of double-stranded siRNAs (37, 45) . The possibility that siRNA binding could also play a role in the RNA silencing suppression activity of P1b was assessed by EMSA. Crude extracts from N. benthamiana leaves agroinfiltrated with p35S-NTAP-P1b or pBIN61:P19, which expresses TBSV P19 and was used as a positive control, were incubated with 32 P-labeled synthetic double-stranded siRNAs, and the resulting complexes were resolved by gel electrophoresis (Fig. 6A ). As expected, P19 caused a shift in siRNA mobility. Interestingly, an siRNA complex with less mobility than that of the P19-siRNA complex was formed by the NTAP-P1b extract, suggesting that NTAP-P1b may interact with siRNAs or induce siRNA interaction with another protein in the plant extract. To discriminate between these two possibilities, we carried out a supershift assay using the PAP complex, which interacts specifically with TAP. PAP had no effect on the mobility of free siRNA or of P19-siRNA complexes but caused a further band shift of siRNA complexes formed by the NTAPP1b extract, indicating that NTAP-P1b was a component of these siRNA complexes (Fig. 6A) .
To further confirm the NTAP-P1b-siRNA interaction, NTAP-P1b partially purified by affinity chromatography was subjected to EMSA (Fig. 6B) . Purified NTAP-P1b formed an siRNA complex with the same mobility as that formed by the crude extracts of leaves expressing NTAP-P1b. This complex also suffered a supershift when it was incubated with the PAP reagent (Fig. 6B) .
Crude extracts of leaves agroinfiltrated with plasmids expressing NTAP-tagged P1b mutants were also subjected to EMSA (Fig. 7) . Whereas C93A and S264A mutants, which are active silencing suppressors, bound siRNAs like wild-type P1b, no siRNA binding was detected for any inactive mutant, even when the dose of extract was increased to have an excess of mutant protein with respect to wild-type P1b (Fig. 7) . These results demonstrate that P1b rather than the TAP tag is responsible for siRNA binding of NTAP-P1b and highlight the relevance of this interaction for the RNA silencing suppression activity of P1b.
Expression of CVYV P1b enhances PVX pathogenicity. In order to assess the relevance of the strong silencing suppression activity of CVYV P1b in the course of a virus infection, sequences coding for wild-type or mutated P1b were cloned into a PVXderived vector (Fig. 8A ). Both N. benthamiana and N. clevelandii plants were inoculated with the PVX-derived viruses by agroinfiltration. Systemic symptoms were detected at 5 dpi for plants infected with empty PVX or with PVX expressing the CVYV P1b proteins. However, whereas plants infected with empty PVX and PVX expressing either P1b RK68,69AA or P1b C89A, lacking silencing suppression activity, developed relatively mild symptoms, plants infected with PVX carrying wild-type P1b suffered a generalized necrosis, and they died at 15 to 21 dpi (Fig. 8B) . Although the extreme necrotic damage of leaves infected with PVX expressing wild-type P1b precluded a precise quantitative assessment, Western blot analysis revealed more accumulation of PVX CP in plants infected with PVX-P1b than in those infected with empty PVX, PVX-P1b-RK68,69AA, or PVX-P1b-C89A (Fig. 8C) . Moreover, the Western blot analysis also showed the presence of P1b in plants infected with PVX-P1b-RK68,69AA and PVX-P1b-C89A, but again the accumulation levels were lower than those in plants infected with PVX-P1b (Fig. 8C) . Together, these results show that P1b, like other viral silencing suppressors (55) , exacerbates PVX infection, and this pathogenicity enhancement is likely the result of a counterdefense activity of P1b, which correlates with silencing suppression activity and siRNA binding capacity. 
DISCUSSION
Two P1 serine proteases are placed at the N terminus of the CVYV polyprotein. A previous in silico analysis identified two homologous serine protease domains at the N-terminal region of the CVYV polyprotein, suggesting that the initially proposed long P1 protein was formed of two independent proteins, P1a and P1b (75) . Transient in planta expression of the complete P1 region by agroinfiltration revealed the predicted proteolytic activity of P1a (76). We have now followed a similar approach to show the proteolytic activity of P1b, which was abolished by site-directed mutagenesis at H 221 and S 264 ( Fig. 1  and 2 ), confirming the in silico identification of these residues as components of the catalytic active site of the protein. Cleavages splitting P1a from P1b (76) and P1b from downstream sequences (Fig. 2B ) appeared to be very efficient in the agroinfiltration system and also in CVYV-infected cucumber plants (Fig. 2C) . Thus, although CVYV lacks an HCPro cysteine proteinase, its strategy of genome expression is quite similar to that of the remaining viruses of the family Potyviridae, involving polyprotein processing by three virus-encoded proteinases. Further research will be required to ascertain specific details of CVYV polyprotein maturation and the possible functional relevance of P1a-P1b and other partially processed products.
P1b protease activity is not necessary for RNA silencing suppression. P1b CVYV has been shown to have RNA silencing suppression activity similar to that observed for potyviral HCPro (76) . Given the proteinase activity of P1b, the possibility that this protein suppressed RNA silencing by promoting specific proteolytic degradation of a component of the silencing pathway was appealing. However, we observed that the point mutation S264A at the proteinase catalytic active site, which completely abolished the protease activity (Fig. 2) , did not affect the RNA silencing suppression activity of P1b (Fig.  3) . This result suggests that P1b has a direct interfering effect on the silencing machinery, as shown for HCPro, whose proteinase activity is also dispensable for its function as an RNA silencing suppressor (34) .
The zinc finger and LXKA motifs of P1b are relevant for its RNA silencing suppression activity. Sequence alignment of P1b-like proteins revealed the presence of two conserved motifs upstream of the proteinase domain. We have not found matches for the first motif, which is in a highly basic region and has an LXKA signature (Fig. 1) , in protein domain databases. The second motif is characterized by several conserved cysteines which are arranged as zinc fingers of the CX 2 CX n CX 2 C type (43) . Point mutations in the putative zinc finger and in the LXKA motif abolished the silencing suppression activity of P1b, suggesting that these motifs are functionally relevant (Fig.  3) . The conservation of these motifs in the P1 proteins of the ipomovirus SPMMV and of three tritimoviruses (Fig. 1) suggests that these proteins might also have RNA silencing suppression activity. Interestingly, these viruses, unlike CVYV, have conserved HCPro coding sequences, although a mutant of the tritimovirus WSMV with a complete HCPro deletion was viable for systemic infection (67) . It would be very interesting to find out the viral factor(s) responsible for silencing suppression in viruses with HCPro and a P1b-like P1 protein.
By using BiFC assays, we demonstrated that CVYV P1b binds itself in planta (Fig. 4) , and results of gel filtration-FPLC suggested that this protein could form dimers in solution (Fig.  5) . P1b mutational analysis suggested that the LXKA motif was not involved in its self interaction (Fig. 4 and 5) . In contrast, efficient P1b self interaction appeared to require preservation of the zinc finger domain. P1b proteins with mutations affecting the cysteines predicted to form the zinc finger displayed a very weak interaction in the BiFC assay (Fig. 4) , which correlated with a nonspecific aggregation pattern observed by FPLC in the case of the C103A and C106A mutants (Fig. 5) . The fact that the C89A mutant usually showed an FPLC elution profile similar to that of the wild-type protein (Fig. 5) suggests that the deleterious effect of the C89A point mutation is less severe than those of the C103A and C106A mutations, and in consequence, it was clearly detected only in planta. A possible explanation for this apparently milder effect of the C89A mutation is that H 90 and C 93 , which are located very close to C 89 ( Fig. 1) , could partially substitute for this residue in the zinc finger configuration.
Zinc fingers were initially identified as protein motifs involved in nucleic acid recognition (36), but it is now known that they are also involved in protein-protein interactions (17, 22) . Our results suggest that a zinc finger formed by C 86 , C 89 , C 103 , and C 106 is involved in dimerization of CVYV P1b and that disturbance of this interaction causes nonspecific aggregation of the protein. A similar overall destabilization of the protein structure caused by disruption of zinc finger-mediated self interactions has been described previously (51) . Interestingly, zinc finger motifs are present in a number of silencing suppressors of plant viruses, including potyviral HCPro (8, 15, 45, 58, 73, 78, 90) , and in a subset of P1a-like P1 proteins (75) , but the specific relevance of these motifs is still unclear (see below).
CVYV P1b could suppress RNA silencing by siRNA sequestration. siRNAs are key universal players in the RNA silencing-mediated antiviral defense mechanism, so it is not unexpected that these small RNAs could be the targets of viral counterdefense strategies. In this regard, it has been reported that several viral silencing suppressors interfere with RNA silencing by binding to siRNAs, which prevents the assembly of functional RISC (37, 45) . Our results showed that CVYV P1b, either in a crude plant extract or partially purified, can bind siRNAs in vitro (Fig. 6) . Moreover, our mutational analysis revealed a positive correlation between the ability to bind siRNA in vitro and the capacity to suppress RNA silencing in vivo (Fig. 7) , strongly supporting the suggestion that CVYV P1b uses the strategy of siRNA sequestration to interfere with viral RNA degradation.
Sequence analysis of CVYV P1b did not identify any canonical RNA binding domain, as is also the case for other viral silencing suppressors with siRNA binding activity (16) . However, in P1b we found two positively charged regions upstream of the zinc finger motif (Fig. 1C) . Basic residues often contribute to RNA binding by directly interacting with the negatively FIG. 7 . Null silencing suppression CVYV P1b mutants are unable to bind siRNAs. Crude protein extract (1 or 4 l) from leaves infiltrated with agrobacteria carrying p35S-NTAP-P1b (wild type or the indicated mutants) or empty pBin19 (vector) and harvested at 3 dpi was incubated with 32 P-labeled double-stranded siRNAs. Protein-siRNA complexes were resolved in polyacrylamide gels and revealed by autoradiography. The amount of NTAP-P1b protein present in the crude extracts was estimated by Western blot analysis with PAP complex (top panel). The silencing suppression activity of each NTAP-P1b mutant is indicated at the bottom. charged ribose-phosphate backbone (11) , and this has been shown to take place in binding of several silencing suppressors to RNA (10, 13, 20, 25, 40, 77, 79, 87, 88) . Interestingly, one of the CVYV P1b basic domains is part of the LXKA conserved motif (Fig. 1C) , and while the RK68,69AA mutation, which drastically reduces the positive charge of this region, did not affect P1b self interaction, this mutation abolished the ability of P1b to cause a siRNA band shift in the gel retardation assay (Fig. 7) , suggesting that the LXKA motif could be involved directly in the P1b-siRNA interaction. Mutations affecting the zinc finger structure also disturbed the siRNA binding activity of P1b (Fig. 7) , although this disturbance could be an indirect consequence of the effects of the zinc finger mutations on the overall conformation of the P1b dimer (Fig. 4 and 5) . The combination of a basic motif followed by a zinc ribbon could have general relevance, since similar arrangements have been shown to be conserved in known and suggested silencing suppressors from different filamentous plant RNA viruses of three genera, including P10 from Grapevine virus A, which resembles CVYV P1b in being able to bind siRNAs (15, 90) .
The silencing suppression activity of CVYV enhances viral pathogenicity. The unavailability of an infectious CVYV cDNA clone precluded a reverse genetic analysis of the role of P1b in CVYV infection. For this reason, we made use of a heterologous system based on PVX-derived recombinant viruses, which has been used previously to study the ability of RNA silencing suppressors to stimulate virus infection (55) . We observed that CVYV P1b, like potyviral HCPro and other silencing suppressors, drastically enhanced PVX symptoms, and this enhancement appeared to be the result of a more efficient virus infection (Fig. 8) . RK68,69AA and C89A P1b mutants, which are unable to bind siRNAs and to suppress RNA silencing, did not affect PVX pathogenicity (Fig. 8) , suggesting that suppression of virus-induced RNA silencing by siRNA binding is the activity of P1b that stimulates virus infection.
P1b versus HCPro. HCPro was the first viral silencing suppressor identified (3, 9, 33) , and it is produced by all members of the family Potyviridae sequenced to date, except for the ipomovirus CVYV, whose silencing suppressor activity appears to be provided by the P1b protein. This is not the only case in which RNA viruses of the same family use different proteins to suppress RNA silencing. In the family Tombusviridae, two unrelated silencing suppressors have been identified, namely, P19 in tombusviruses (83) and CP in carmoviruses (44, 57, 69) . Interestingly, the mechanisms of silencing suppression of these proteins are quite different. While tombusvirus P19 sequesters viral siRNAs, precluding their loading into RISC (38, 48) , the p38 CP of the carmovirus Turnip crinkle virus interferes with siRNA synthesis by DCL4 and with the activity of siRNAs made by DCL2 (18) , and the CP of another carmovirus, Hibiscus chlorotic ringspot virus, affects an early step of RNA silencing preceding dsRNA formation (44) . In contrast, the two silencing suppressors of the family Potyviridae, in spite of showing no significant sequence similarity, appear to use similar mechanisms to suppress silencing. Both HCPro and P1b are placed at the same position of the viral polyprotein and are proteases that cleave at their C ends, although their proteolytic activities are not required for silencing suppression ( Fig. 2 and  3 ) (34) . Moreover, HCPro and P1b are alike in their ability to self-interact ( Fig. 4 and 5 ) (23, 54, 62, 70, 74) , to bind siRNAs ( Fig. 6 and 7 ) (37), and to enhance PVX pathogenicity ( Fig. 8 ) (9, 55) . HCPro resembles P1b in having a conserved Cys-rich region, although the spacing of the Cys residues is different in the two proteins ( Fig. 1) (59) , and this region appeared to be especially relevant for HCPro self interaction in a yeast twohybrid assay (73) . The Cys-rich region is placed in the Nterminal region of HCPro, which has been shown to be dispensable for TEV (19) and Lettuce mosaic virus (54) viability and for dimer formation of Lettuce mosaic virus HCPro in solution (54) . Moreover, it has been shown that the Cys-rich region is not necessary for the activity of TEV HCPro as an enhancer of PVX pathogenicity (64) , an activity that is supposed to depend on the silencing suppression ability of HCPro. However, deletions in the N-terminal region of HCPro significantly reduced the efficiency of replication of TEV (19) and appeared not to be tolerated by Tobacco vein mottling virus (4) and PPV (24) . In addition, some insertions in the N-terminal region of PPV HCPro notably affected the silencing suppression activity of the protein (80) . Thus, a more detailed and specific experimental approach will be required to assess the possible contribution of the Cys-rich motif of potyviral HCPro to its silencing suppression activity. Two regions of the HCPro protein from the potyvirus Potato virus Y have been suggested to be involved in RNA binding (72) , although their possible involvement in siRNA binding has not been approached experimentally. In contrast with the LXKA motif of CVYV P1b, these HCPro regions are located downstream of the Cys-rich domain of the protein, and the second one appears to contain a ribonucleoprotein (RNP) motif typical of a large family of RNA binding proteins (11) . These data suggest that HCPro and P1b might use different structural elements to interact with siRNAs, although definitive conclusions await high-resolution information about the three-dimensional structures of these proteins.
The extremely high level of divergence between the different silencing suppressors of plant viruses suggests that they derive from independent and recent evolutionary events. Many known viral silencing suppressors are encoded by out-of-frame overlapping genes, suggesting that they may have been created by overprinting on a more ancient gene (39) , an evolutionary strategy largely used to expand the coding capacity of genomes (35) . In contrast, the silencing suppressor P1b arose in the Potyviridae lineage leading to CVYV by another strategy of gene expansion, gene duplication (75) . It is tempting to speculate that silencing suppression activity was incorporated into HCPro, which probably already had its present vector transmission function, only in the evolution of Potyviridae lineages that did not suffer P1 duplication. If this hypothesis is correct, it would be expected that in ipomoviruses and tritimoviruses, which have P1b-like proteins, silencing suppression activity relies on these proteins rather than on HCPro. In agreement with this, HCPro is dispensable for the systemic spread of the tritimovirus WSMV (67) . In this scenario, the HCPro coding sequence could have been lost during adaptation of CVYV to whitefly transmission because HCPro was not necessary for interaction with the new vector. Of course, with the present data, the possibility that two silencing suppressors might have developed to act either independently or coordinately, depending on the specific Potyviridae lineage, cannot be ruled out. Another interesting question to be approached in the future is whether RNA silencing suppression is the only function of CVYV P1b or if this protein resembles HCPro in being multifunctional and plays a role in vector transmission or other viral processes. Answering these questions could help us to understand not only the evolution of the family Potyviridae but also that of the antiviral defense mediated by RNA silencing and its suppression by virus factors.
